Electronics without bridging components by García-Suárez, V. M.
ar
X
iv
:1
90
7.
12
65
5v
3 
 [c
on
d-
ma
t.m
es
-h
all
]  
2 A
ug
 20
19
Component-free electronics
V. M. Garcı´a-Sua´rez
Departamento de Fı´sica, Universidad de Oviedo & CINN, 33007 Oviedo, Spain∗
(Dated: August 5, 2019)
We propose a new paradigm of electronic devices based only on two electrodes separated by a gap, i.e. without
any functional element bridging them. We use a tight-binding model to show that, depending on the type of
material of the electrodes and its structure, several electronic functionalities can be achieved: ohmic behaviour,
rectification, negative differential resistance, spin-filtering and magnetoresistance. In particular, we show that
it is possible to deliver a given functionality by changing the coupling between the surface and bulk states and
between the surface states across the gap, which dramatically changes the current-voltage characteristics. These
results prove that it is possible to have functional electronic and spintronic elements on the nanoscale without
having physical components bridging the electrodes.
PACS numbers: 73.63.-b,85.35.-p,85.75.-d,72.25.-b,72.90.+y
As the size of the electronic components approaches
the atomic limit, where typical complementary metal-oxide-
semiconductor (CMOS) elements start to fail, it is necessary
to look for functional alternatives. A series of nanoscale elec-
tronic systems have already been proposed, which include
molecules [1] and other nanometric elements such as nan-
otubes [2], nanowires [3] and the most recent two-dimensional
(2D) materials [4]. These systems would allow to go beyond
typical silicon-based components [5] and develop much faster
and reliable electronic systems. The feasibility of many of
these new elements has already been demonstrated in lots of
experiments and different electronic functionalities have al-
ready been proven to work, such as rectification [6, 7], switch-
ing [8], negative differential resistance (NDR) [9], spin filter-
ing [10] and magnetoresistance [11, 12]. However, the de-
velopment of these electronic components is still in their in-
fancy and no widely-used technological application has been
reached so far. In addition, problems due to atomic migration,
defects and quantum tunneling render these elements useless
[13]. These problems need therefore to be solved in order
to keep the ongoing miniaturization of electronic components
following Moore’s law [5, 14], and, at the same time, make
room for the development of ”More than Moore” approaches
[15].
Instabilities due to the electrodes can be removed in princi-
ple by using covalently bonded materials, which have a small
number of defects and whose directional bonds prevent the
migration of atoms. In recent years it has been proposed the
use of materials such as graphene [16, 17] or other 2D sys-
tems. The idea is to keep two sheets of the 2D material sepa-
rated by a nanogap and bridge them with a nanoscale element,
such as a molecule, with large coupling groups [18]. The large
and planar coupling groups would average all possible contact
configurations between them and the 2D surface and would
give in principle stable and reproducible transport properties.
This technology still poses, however, a series of problems due
to the mobility of the molecule on the surface, which easily
slides due to the weak van der Waals coupling. Also, the
mismatch between the molecular states and the Fermi level
[19] and the fact that the molecule has to be relatively large to
effectively connect both electrodes, translates into a conduc-
tance that is rather small and decreases exponentially with the
length of the molecule. Such problems make these systems at
present not amenable to functioning as electronic components.
Most of the problems, if not all, could be circumvented
by getting rid of the functional element bridging both elec-
trodes. Although this looks like a radical and non-viable sim-
plification, which would wipe out any electronic functionality
–encapsulated in the molecular backbone–, we prove in this
article that electronic systems with only two electrodes sepa-
rated by a nanoscale gap can produce a plethora of electronic
functionalities. These new designs should become possible
thanks to recent developments in the fabrication of nanoscale
materials, which allow to fabricate electrodes with very small
separations between them. The nanometric size and separa-
tion are specially relevant, because quantum effects are aver-
aged out as the size of the system increases and no relevant
functionality emerges for relatively large sizes.
The origin of the electronic functionalities in these systems
can be traced back to the shape and/or local composition of
the surface or edge on both sides of the gap. Certain impu-
rities/shapes produce localized states that couple to the bulk
states and to each other across the gap. This is special relevant
for 2D materials such as graphene [20], but it is not limited to
them. Typical surfaces with adatoms or impurities or other
nanoscale systems terminated in localized states could also
give rise to similar phenomena [7, 9]. These states generate
resonances in the zero-bias transmission and lead to effects
such as rectification or NDR when a bias is applied. Also,
by introducing spin-polarized states such as those present in
magnetic elements or zigzag graphene edges, it is possible to
generate spintronic phenomena such as magnetoresistance or
spin-filtering effects.
These systems have, on one hand, the disadvantage that the
transport is in the tunneling regime and therefore the currents
are expected to be small, at least for large enough gaps. How-
ever, with recent developments in the fabrication of graphene
nanogapswith electro-burning techniques [17] or with the me-
chanically controlled break junction technique [21], it is pos-
sible to make nanometer-wide gaps with sizeable currents that
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2give a clear signal. On the other hand, even though designing
edges with tailored shapes is still not possible, recent advances
in the fabrication of nanoscale gaps could make it achievable
in the near future.
General scheme.− There are two possible realizations of
the aforementioned systems: either two three-dimensional
(3D) electrodes with or without an impurity on their surface
or two electrodes of a 2D material with or without a wedge. In
both cases the transport properties depend dramatically on the
type of impurity or geometry. In particular, the embedding of
the impurity or the orientation of the edge states relative to the
transport direction determine their coupling to the bulk trans-
port channels. For example, when the edge is straight and
therefore perpendicular to the transport direction, the group
velocity of the electrons in these states is perpendicular to the
group velocity of the bulk electrons and therefore these do not
couple nor contribute to the transmission across the gap. This
would be equivalent to having two pristine surfaces. How-
ever, when the edge has some imperfection, such as a protru-
sion or wedge, the group velocity of the edge states acquires
a component along the transport direction and contributes to
the transmission. In this last case, the edge states couple to the
bulk states and influence the transport properties. This would
be equivalent to having a surface with a localized state in an
impurity that couples to the bulk states.
There are, therefore, three possible cases that give rise
to different transport properties: two clean surfaces/straight
edges, two surfaces with impurities/two wedges and a combi-
nation of the previous two cases (a clean surface/straight edge
and an impurity/wedge). With these three configurations it is
possible to understand the transport behavior of any two sur-
faces or 2D layers, no matter how complicated the real con-
figuration in an experiment may be. The reason is that only
the (two) closest features would give rise to sizeable currents
due to the exponential decay with the separation. The impuri-
ties or wedges can also be magnetic –in the following we will
consider only magnetic configurations, which are the most
general cases-, even though this is not a necessary condition
to reproduce most of the functionalities (excluding spintronic
effects).
Model.− The model is a tight-binding parametrization of
the (bulk) states close to the border and the states localized at
the surface in different situations. This is a generalization of
simple models used before to describe transport in molecular
junctions [22, 23] or between graphene edges [20, 24]. The
Hamiltonian of the tight-binding model describes two elec-
trodes coupled through a vacuum gap, Hˆ = HˆL + HˆR + VˆLR.
In order to properly account for the electronic structure of the
surfaces or edges, it is necessary to distinguish between the
bulk states and those localized at the surface/edge. The for-
mer are delocalized through the whole bulk material, while
the latter are localized at the impurity or edge and/or run par-
allel to it, i.e. their group velocity goes along the direction of
the surface/edge and is perpendicular to the flow of electrons,
which uncouples them from the bulk states. The contribution
of each state in any of the two layers is represented as follows:
HˆL(R) =
∑
<i,j>;σ
(tijσ +(−) δijeV/2) cˆ
†
iσ cˆjσ+
+
∑
σ
(ǫσ +(−) eV/2) dˆ
†
σ dˆσ +
∑
σ
tL(R)1dσ(cˆ
†
1σ dˆσ + h.c.)
(1)
where I = L,R, {cˆ†} create electrons in the inner/bulk sites,
{dˆ†} create electrons in the surface/edge state and σ =↑, ↓
is the spin. The sum 〈i, j〉 goes only to first nearest neigh-
bours, with tiiσ = εi ≡ ε for i > 1 and tijσ = t. The bulk
states in this case are non-magnetic and their on-site energy
is placed at zero energy to maintain electron-hole symmetry.
The surface/edge states have a large magnetic splitting and a
electron-hole asymmetry, i.e. |ǫ↑| 6= |ǫ↓|. These states can
be uncoupled or weakly coupled to the bulk states. Due to
the presence of the surface or edge it is also necessary to in-
troduce corrections in the electronic bulk states close to it.
In particular, and for the spin-polarized case, the site that is
closest to the edge on each layer has an on-site energy that
is slightly different than that of the bulk and develops also a
small magnetic splitting due to the interaction with the edge
state, i.e. t11↑ 6= t11↓ 6= ε. This is necessary to prop-
erly reproduce the transport properties of straight magnetic
edges, as we will show later. Notice again that this partic-
ular magnetic configuration is not necessary for this model
to work, i.e. similar transport properties can be obtained
with non-magnetic surface/edge states (excluding of course
spintronic effects). The coupling across the gap is given by
the term VˆLR =
∑
σ[γddσ dˆ
†
LσdˆRσ +
∑2
i,j=1(γdiσ dˆ
†
Lσ cˆRiσ +
γidσ cˆ
†
Liσ dˆRσ + γijσ cˆ
†
Liσ cˆRjσ) + h.c.], which includes the cou-
pling between the localized states and/or the bulk states clos-
est to the surface. The presence of different couplings across
the gap gives rise to interference phenomena that can shape
the form of the transmission [23].
The potential is included as a rigid shift of all the on-site
levels of each electrode. This is not an approximation but a
rigorous implementation, since the potential falls mainly in
the gap, which produces the highest resistance. The physi-
cal separation between electrodes and the absence of elements
bridging them eliminates also the possibility of charge trans-
fer effects or phenomena such as the Stark effect [25]. This
makes unnecessary the use of non-equilibrium Green’s func-
tions (NEGF) to calculate out-of-equilibrium charge densities
and currents [26], which further simplifies the problem.
BB nanogaps.− We study first the case of two clean sur-
faces or straigh edges (BB). Ab-initio simulations of elec-
tronic transport in straigh zigzag graphene edges show a fea-
tureless and asymmetric transmission around the Fermi level
(EF) [20]. Both spin components are slightly different and
they cross at a certain point near EF. In order to reproduce
these traits, we consider, as commented before, that the bulk
state close to the border has a different on-site energy than that
of the bulk states and some spin polarization due to the influ-
ence of magnetic impurities or magnetic edges. Notice that
3without such changes the transmission would be flat at EF,
much like the transmission of a perfect chain but smaller due
to the weak coupling across the gap. Introducing a shift in the
on-site energy creates a electron-hole asymmetry that makes
the transmission have a finite slope at EF. This happens be-
cause the transmission is higher at the energy of the on-site
level and decreases away from it. The larger the shift towards
negative (positive) energies, the bigger the negative (positive)
slope. Since the on-site energy has also a exchange splitting,
i.e. the energies for both spin components are different, the
slopes for the spin-up and spin-down components turn out to
be also different. This makes them cross at an energy point
ε↑ + ε↓ = 2ε.
We compute the transmission functionT (E) for parallel (P)
and antiparallel (AP) spin alignments of the magnetic impu-
rities/edges. We use tij = −3 eV (the same values for both
spins, unless otherwise stated), ε = 0 eV, t11 = ε1 = −0.1
eV with an exchange splitting∆ = 0.03 eV (ε↑(↓) = ε +(−) ∆)
and γ11 = −0.06 eV. We obtain a featureless Tσ(E) for both
spin alignments in the energy window shown in Fig. (1)
due to the absence of coupling between the edge and bulk
states. Tσ(E) for the AP alignment is exactly the average
of T↑(E) and T↓(E) for the P alignment, which produces
a zero magnetoresistance ratio. This quantity is defined as
MR = (IP − IAP)/(IP + IAP) and is shown in panel (d).
Fig. (1) also shows the spin-resolved current-voltage charac-
teristics in panel (c), which give a featureless differential con-
ductance (G). This IV curve, which reflects a typical ohmic
behavior, could enable experimentalists to determine unam-
biguously the dependence ofG on the gap length d, measured
as the distance between the atoms on both edges.
The bulk states could also couple across the gap to other
bulk states located deeper in the electrodes. We call this cou-
pling second-order coupling (2-OC). Relatively strong 2-OC,
i.e. γ22 = −0.03 eV, can lead to more asymmetric transmis-
sion functions around EF due to the emergence of antireso-
nances at higher energies (double-dotted dashed lines in pan-
els (a1) and (a2) of Fig. (1)). On the other hand, the edge states
can also weakly couple to the bulk states –without still cou-
pling across the gap–, which we call localized-state coupling
(LSC). This leads to antiresonances located at the positions of
the on-site energies of the edge states (double-dashed dotted
line in panels (a1) and (a2) of Fig. (1)). Both of these addi-
tional couplings do not change, however, the ohmic behavior.
BL nanogaps.−The results for BL nanogaps, where a clean
surface/straight edge is in the left and a impurity/wedge is in
the right, are shown in Fig. (2). We use in this case tR1d =
−0.17 eV, ǫ = −0.1 eV with an exchange splitting of 0.2 eV
and γ1d = −4.8× 10
−3 eV. We keep the magnetic orientation
of the left electrode in the up direction and switch upwards
or downwards that of the right electrode. As a consequence,
the transmission for both bias polarities turns out to be exactly
the same, but with an opposite spin polarity, as can be seen in
panels (a1), (a2), (b1) and (b2) of Fig. (2). The transmission
shows two sharp resonances locate at energies E = ǫσ for
both spin components. They correspond to localized states
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FIG. 1. (Color online) Transmission at some positive voltages for
the up (1) and down (2) spin channels of the parallel (a) and the
antiparallel (b) configurations, current as a function of bias voltage
for the spin-up channel of the parallel and the antiparallel configura-
tions (c), and magnetoresistance ratio as a function of the bias voltage
(d) for a system with uncoupled edge states. Double-dotted dashed
and double-dashed dotted lines in panels (a1) and(a2) represent spin
up and down zero-bias transmissions for systems with second-order
coupling across the gap or coupling to the edge states, respectively.
that couple asymmetrically to the bulk states on both sides of
the gap.
The current-voltage characteristics, which agree with previ-
ous ab-initio simulations and experiments [20], can be under-
stood by looking at the evolution of the transmission shown
in panels (a) and (b) of Fig. (2). When a positive bias is
applied, both resonances shift down in energy according to
ǫσ − eV/2. In this case, only the spin-down resonance enters
the bias window, suddenly increasing the spin-down current at
a voltage V = |ǫ↓|/e, while the spin-up current remains small.
If the voltage increases further, the level stays inside the win-
dow, yielding then a constant current. When the bias reverses,
the spin-up resonance enters the bias window and produces a
sharp increase of the spin-up current at V = −|ǫ↑|/e, while
the spin-down component never enters the window and gives
a low current signal. The current in both cases is fully spin-
polarized, since one of the spin components is much bigger
than the other for each bias polarity. This spin filtering effect
would only be achievable, however, at low temperatures un-
less the magnetic anisotropy of these states is large enough to
keep them aligned with a given magnetic configuration.
Changing some parameters can quantitatively alter the re-
sults, but the qualitative behavior remains the same. Increas-
ing the coupling between the localized state and the bulk states
in the same side, tR1d, broadens the resonances but decreases
their height because the couplings of these states becomemore
asymmetric. The broadening can induce a slight asymmetry in
the IV curve because the resonance that is closer to EF gives
a larger contribution for the bias polarity for which it does not
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FIG. 2. (Color online) Transmission at some positive voltages for
the up (1) and down (2) spin channels of the parallel (a) and the an-
tiparallel (b) configurations, current as a function of bias voltage for
the spin-up channel of the parallel and the antiparallel configurations
(c), and magnetoresistance ratio as a function of the bias voltage (d)
for a system with a clean surface/straight edge on one side and a im-
purity/wedge on the other. Double-dotted dashed lines in panels (a1)
and(a2) and the inset of (c) represent spin up and down zero-bias
transmission, and current for a system with second-order coupling
across the gap, respectively.
enter in the bias window and generates a larger current for that
component. On a similar note, increasing the coupling across
the gap, γ1d, makes the couplings more symmetric and raises
the height of the resonances. This increases the total value of
the current.
The asymmetry in the on-site energies of the levels pro-
duces also a clear rectification in the absolute bias range be-
tween the entrance of ǫ↓ (for positive voltages) and the en-
trance of ǫ↑ (for negative voltages) in the bias window, as can
be seen in panel (c) of Fig. (2). On the other hand, since both P
and AP polarities give almost the same signal, the magnetore-
sistance turns out to be almost negligible, as shown in panel
(d) of Fig. (2). The finite MR values are due to the asymme-
try introduced by the slightly polarized bulk states close to the
surface.
Second order coupling of the edge states across the gap can
also generate Fano antiresonances at high energies that alter
the shape of the original resonances, as can be seen in panels
(a1) and (a2) of Fig. (2) (double-dotted dashed curve). If such
coupling is relatively strong (e.g. γ2d = −0.01 eV), which
could happen if one of the layers is partly on top of the other, it
can lead to non-trivial and highly asymmetric IV curves (see
the inset of panel (c)). This can give rather high rectification
ratios for a large range of voltages.
LL nanogaps.− We finally study the transport properties
of LL nanogaps, where two impurities or wedges are facing
each other. We use the same relevant parameters as in the
previous cases, plus γdd = −2 × 10
−3 eV. We obtain similar
zero-voltage transmission coefficients Tσ(E) to those of a BL
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FIG. 3. (Color online) Transmission at some positive voltages for
the up (1) and down (2) spin channels of the parallel (a) and the an-
tiparallel (b) configurations, current as a function of bias voltage for
the spin-up channel of the parallel and the antiparallel configurations
(c), and magnetoresistance ratio as a function of bias voltage (d) for
a system with two impurities/wedges. The inset of panel (c) shows
a zoom-in of the current for the up and down spin channels of the
parallel configuration.
nanogap, at least in the P configuration, i.e. two spin-resolved
resonances at energies ǫσ in the P configuration and two spin-
unresolved and smaller resonances located at the same ener-
gies in the AP configuration. When a positive voltage is ap-
plied in the P configuration, the low-voltage current remains
initially small because the levels dealign. The spin-down level
on the left stays outside the integration window, while the
spin-up level in the same electrode enters it at V = |ǫ↑|/e,
increasing the current. The rise is not very big, however, be-
cause both spin-up levels are dealigned. Increasing further the
voltage decreases the current because both levels dealign even
further, giving rise to a NDR feature. The IV curve for the P
alignment is shown in the inset of panel (c) in Fig (3).
For the AP alignment, the spin-up and -down levels switch
at the right electrode. This leads to a rather different behavior
as the voltage is raised from zero. Both spin-up levels move
towards the integration window and towards each other. They
eventually align, giving rise to a sharp increase of the trans-
mission and the current. This is shown schematically in the
inset of panel (b1). As the voltage increases further, however,
both levels deaglign, decreasing the current. For the spin-
down component, however, the situation reverses: the current
stays small for positive biases because both spin-down levels
at each side of the gap move away from each other and from
the bias window. For negative voltages, the spin down lev-
els enter the bias window, aligning with each other and later
dealigning, which results in a large increase and decrease of
the spin down current. The spin-resolved current-voltage for
positive voltages is shown in the (c)) panel of Fig. (3). This
produces then acute NDR features in the IV curve for both
5bias polarities. The top of the peak at each bias polarity is
reached at a voltage equal to |V | = |ǫ↑ − ǫ↓| /e. The NDR
signal is therefore determined by the location and coupling of
the levels, which define the position and height of the peak,
and its width.
The NDR peak is not affected by Fano resonances and is
rather robust. Increasing the coupling with the bulk states
in the same side, tR1d, broadens and reduces the NDR peak
in the AP configuration, while enhances it in the P configu-
ration. This is a consequence of the reduction of the height
(specially in the P configuration) and the increase of the width
of the resonances. On the other hand, increasing the coupling
across the gap, γdd, raises the NDR peak and maintains its as-
pect ratio. This is due to the increase of the height and width
(specially in the P configuration) of the resonances [27]. In
general, the sharper the NDR peak, the better the operation of
the device. This implies that tR1d in particular should be as
small as possible.
The large current peaks for the AP alignment, which are
one order of magnitude larger than those resulting for the P
alignment, give also rise to an almost perfect negative MR
of −100 % at the voltages of the peaks, as can be seen in
panel (d) of Fig. (3). Large positive MR values (more than
50 %) can also be obtained at the voltages of the NDR peaks
in the P alignment. Perfect spin rectification is also expected
for this configuration. These spintronic features (MR and spin
filtering/rectification) would only be possible, however, at low
temperatures, unless the states have a relatively largemagnetic
anisotropy.
Conclusions.− We studied in this article novel electronic
devices based on physical gaps, i.e. systems which only have
two electrodes with certain shapes or atomic configurations.
We discussed their transport properties and showed, using a
tight-binding model, that, depending on the type of termina-
tion of both sides, it is possible to generate a plethora of elec-
tronic functionalities, which include ohmic behaviour, rec-
tification, NDR and, in case of spin-polarized states, spin-
filtering and magnetoresistance. In particular, we showed that
clear electronic rectification, sharp NDR peaks, perfect spin
rectification and very high magnetoresistance ratios, both pos-
itive and negative, can be achieved when one or both sides of
the gap have (spin-polarized) localized states. This work de-
fines a new paradigm of electronics that could lead to more
functional and robust electronic systems.
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